INTRODUCTION
Acute disseminated encephalomyelitis (ADEM) is an immunologically mediated inflammatory disease of the central nervous system (CNS) resulting in multifocal demyelinating lesions affecting the gray and white matter of the brain and spinal cord. ADEM is characteristically a monophasic illness that is commonly associated with an antigenic challenge (febrile illness or vaccination), which is believed to function as a trigger to the inflammatory response underlying the disease. It is most commonly seen in the pediatric population, but can occur at any age. [1] [2] [3] [4] [5] [6] Symptoms are highly dependent on the area of the CNS affected, but are polyfocal in nature. Common symptoms include hemiparesis, cranial nerve palsy, seizures, cerebellar ataxia, and hypotonia. 3, [7] [8] [9] The diagnosis of ADEM depends on the history, physical examination, and supplemental neuroimaging.
Despite the long-standing recognition of ADEM as a specific entity, no consensus definition of ADEM had been reached until recently. Historically, different definitions of ADEM have been used in published cases of pediatric and adult patients, which varied as to whether events required (1) monofocal or multifocal clinical features, (2) a change in mental status, and (3) a documentation of previous infection or immunization. 3, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] To avoid further misdiagnosis and to develop a uniform classification, the International Pediatric Multiple Sclerosis (MS) Study Group 18 proposed a consensus definition for ADEM for application in both research and clinical settings (Box 1). One of the most significant changes proposed by this definition was the mandatory inclusion of encephalopathy as a clinical symptom in patients presenting with ADEM. Before the development of the consensus definition, although encephalopathy was included in the clinical description it was not considered an essential criterion for the diagnosis. Thus, many of the previous studies investigating the clinical and radiologic features of pediatric ADEM were performed on patients who may no longer meet the consensus criteria, and may have led to the classification of other neurologic disorders as ADEM ( Table 1 ). It may be that there is an inherent difference in the patients who present with multifocal symptoms and encephalopathy as opposed to those without encephalopathy; therefore, this distinction is imperative. Because of the lack of uniform description and clear clinical and neuroimaging diagnostic criteria in ADEM, caution must be exercised when applying previous clinical and radiologic descriptions of patients with this disorder.
This review is intended to give an overview of ADEM in the pediatric population, focusing on differences that have emerged since the consensus definition was established. Although the focus is on neuroimaging in these patients, a synopsis of the clinical features, immunopathogenesis, treatment, and prognosis of ADEM is provided.
EPIDEMIOLOGY AND CLINICAL PRESENTATION
Considering that the diagnostic criteria for ADEM were not elucidated before 2007, the annual incidence rate and prevalence within the population is not precisely known. In addition, no analyses of worldwide distribution of ADEM have been completed; therefore, the reported prevalence and incidence taken within a single area may not be generalizable to the population as a whole. Before 2007, the prevalence of ADEM within the pediatric population was estimated at 0.8 to 1.1 per 100,000 in those younger than 10 years. 6, 7 A study by Leake and colleagues 11 evaluated the incidence of ADEM in San Diego County, USA. The investigators estimated this to be 0.4 per 100,000 per year in those younger than 20 years. More recent studies completed after the definition of ADEM had been established have suggested that these rates may actually be higher. Visudtibhan and colleagues 26 reported the prevalence of children with definite ADEM in Bangkok, Thailand to be 4.1 per 100,000. Another study from Fukuoka Prefecture, Japan reported the annual incidence to be 0.64 per 100,000. 27 The overall frequency of ADEM in Canadian children with acquired demyelinating disorders had been estimated at 22%. 28 Although ADEM may present at any age, it is most frequently described in the pediatric population. The mean age of onset in the pediatric population is reported to be 7.4 AE 1.3 years of age and the median age of onset is 8 years, according to a recent meta-analysis. 7 However, 12 of the 13 studies included in the analysis were performed before the revised ADEM definition. 3, [7] [8] [9] [11] [12] [13] [14] 16, 17, [29] [30] [31] More recent studies using the new criteria for ADEM have shown a similar mean age of onset, 14 2003  33  48  42  12  12  -45  -45  42  2/31  Richer et al,  19 2005  10  40  90  -30  80  -60  50  3/9  Madan et al,  20 2005 7  43  86  ----43  14  14  14  -Singhi et al,  21 2006  52  56  54  -19  13  -17  30  17  26  -Mikaeloff et al,   22   2007   108 100  -61  42 (>2)  -18  58  63  14/85   Atzori et al,  23 2009  20  65  -60  20  5  15  50  60  10/14  Alper et al,  24 2009  24  42  68  21  18  9  -43  41  50  -Callen et al,  25 2009  20  100  80  90  65  80  80  70  70  70  5/11  Visudtibhan et al,   26   2010   16  100  75  19  75  -19  50  50  25  -Pavone et al,  7 2010 17  100  ------23  --3/17 Abbreviations: BG, basal ganglia; CC, callosal; Cort, cortical gray matter; Juxt, juxtacortical; Peri, periventricular; Thal, thalamic. a Consensus criteria of International Pediatric Multiple Sclerosis Society.
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ranging from 5.7 to 7.6 years. 22, 25, 27 An equal sex distribution was previously suggested, 6, 8, 11 but more current studies show a slight male preponderance (1.4-2.3:1) in patients presenting with ADEM at. 7, 22, 25, 27 A seasonal distribution of ADEM has been described, with an increased number of cases during the winter and spring months. 8, 11, 12 ADEM typically occurs after a viral infection or recent vaccination. The frequency with which a preceding febrile illness is noted has widely varied in previous literature, ranging from 46% to 100%. 3, 8, 9, [11] [12] [13] [14] [15] [16] 22, 32 This variation is likely attributable to the lack of uniform diagnostic criteria, with some investigators using the term ADEM only when a preceding febrile illness has been documented, as well as different latency periods from febrile illness to ADEM being deemed clinically significant. A recent meta-analysis showed that a preceding triggering event occurred in 69% of 492 patients diagnosed with ADEM. 7 The most common preceding trigger is a nonspecific upper respiratory tract infection. 13 The duration between antigenic challenge and the first signs and symptoms of ADEM has been cited as ranging from 1 to 28 days with a mean of 6 to 12 days. 7, 13, 26, 33, 34 Pavone and colleagues 7 showed different latency periods depending on the triggering factor, with the shortest latency being seen for upper respiratory tract infections or gastroenteritis (2-4 days). Although a link between viral illness and ADEM is likely, it should be noted that there is a high frequency of viral episodes in childhood, and medical history is often positive regardless of whether a causal correlation exists.
The neurologic features of ADEM are often seen following a short prodromal phase consisting of fever, malaise, headache, nausea, or vomiting. Patients subsequently develop neurologic symptoms subacutely, within a mean period of 4.5 to 7.5 days (range: 1-45 days). 7, 13 Occasionally there is rapid progression of symptoms and signs to coma and/or decerebrate posturing. 3 The clinical presentation of ADEM is widely variable, with the type and severity clinical features being determined by the distribution of lesions within the CNS. Although studies have previously reported an encephalopathy in 21% to 74% of patients 3, 8, 9, [11] [12] [13] [14] [15] [16] [17] 33, 35 (with only 55% having altered mental status in a recent meta-analysis 7 ), application of the new diagnostic criteria mandates that encephalopathy (either behavioral change or altered mental status) be present in 100% of cases. It should thus be noted that previous studies looking at the presenting signs and symptoms encompass patients who, today, would not meet diagnostic criteria for ADEM. With that in mind, the neurologic features that have previously been noted in ADEM include: unilateral or bilateral pyramidal signs (60%-95%); cranial nerve palsies (22%-89%); hemiparesis (76%-79%); ataxia (18%-65%); hypotonia (34%-47%); seizures (10%-47%); visual loss due to optic neuritis (7%-23%); and speech impairment (5%-21%). 3, [7] [8] [9] 11, 13, 14, 16, 17 Peripheral nervous system involvement has been reported in the adult cohort (with frequencies up to 43.6% of patients), but is considered rare in childhood ADEM patients. [35] [36] [37] [38] Only 2 studies have looked at presenting signs and symptoms of patients with ADEM according to the new consensus definitions. Mikaeloff and colleagues 22 reported that 79% presented with long tract dysfunction, 48% presented with brainstem dysfunction, 32% presented with seizures, and 6% presented with optic neuritis. Pavone and colleagues 7 found the following signs and symptoms: ataxia (47%), hypotonia (41%), seizures (29%), thalamic syndrome (23%), hemiparesis (23%), cranial nerve palsy (18%), headache (18%), fever (12%), and ptosis (6%).
Respiratory failure secondary to brainstem involvement or severely impaired consciousness has been reported in 11% to 16% of patients in previous studies. 13, 39 In a study where all children met the consensus definition of ADEM, the numbers of patients with respiratory failure were strikingly similar (11%). 7 A recent study investigating the necessity of intensive care unit (ICU) admissions for patients with ADEM found that 25% of patients with ADEM required an ICU admission, with an incidence of 0.5 per million children per year. 40 Rates of ICU admission may be higher than previously expected, considering the mandatory inclusion of altered mental status. In the study by Pavone and colleagues, 7 ICU admissions were necessary in 41% of patients with ADEM at some point during their clinical course.
IMMUNOPATHOGENESIS
The precise mechanisms implicated in ADEM are not well known, and the relationship between the pathogenesis of ADEM and MS continues to remain a matter of controversy. There is a general consensus that ADEM is an immune-mediated disorder resulting from an autoimmune reaction to myelin. 5 An autoimmune pathogenesis is supported by the pathologic similarities between ADEM and the experimental allergic encephalomyelitis (EAE) model, 41, 42 which is a demyelinating disease that may be induced in a variety of animal species after immunization with myelin proteins or peptides.
There are 2 basic mechanisms proposed to cause ADEM, 5 both of which rely on the exposure of the immune system to an antigenic challenge (ie, viral, bacterial, or exposure to degradation products via immunization):
1. Molecular mimicry theory. 43 This theory relies on the idea that myelin antigens (for example, myelin basic protein [MBP], proteolipid protein, and myelin oligodendrocyte protein) could share a structural similarity with antigenic determinants on the infecting pathogen. The infected host mounts an immune response producing antiviral antibodies that are thought to cross-react with myelin antigens that share a similar structure, inadvertently producing an autoimmune response. Myelin proteins have shown resemblance to several viral sequences, and cross-reactivity of immune cells has been demonstrated in several studies. T cells to human herpesvirus-6 (HHV-6), 44 2. Inflammatory cascade theory. Nervous system tissue is thought to be damaged secondary to viral infection, resulting in the leakage of myelin-based antigens into the systemic circulation through an impaired blood-brain barrier. 5 These antigens promote a T-cell response after processing in the lymphatic organs, which in turn causes secondary damage to the nervous system tissue through an inflammatory response. 5 This theory is supported by the Theiler murine encephalomyelitis virus (TMEV)-induced demyelinating disease model, 52 which is a biphasic disease of the CNS whereby direct infection of neurotropic TMEV picornavirus results in an initial CNS injury followed by a secondary autoimmune response. 53, 54 However, this model has been criticized for its superficial resemblance to ADEM, as ADEM is not thought to be due to a direct viral infection of the CNS. It is more likely that the nervous system tissue damage proposed by this theory is indirect, through the release of multiple cytokines and chemokines in response to the initial infection. The role of chemokines, particularly interleukin-6, tumor necrosis factor a, and matrix metalloproteinase 9, have been hypothesized to play a role in ADEM, 55, 56 and the spectrum of chemokines found to be elevated in ADEM may differ from that in MS. 57 As expected by the currently proposed mechanisms discussed here, ADEM is frequently preceded by an infection or recent vaccination. 58 However, in most cases investigations fail to identify the precise infectious agent responsible. 3 Viruses that have been implicated in promoting the immune response responsible for ADEM include herpes simplex virus, human immunodeficiency virus, HHV-6, mumps, measles, rubella, varicella, influenza, enterovirus, hepatitis A, coxsackie, EBV, and cytomegalovirus. [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] It has been proposed that the risk of ADEM is highest with measles and rubella, with the risk after infection with these viruses being 1:1000 and 1:20,000, respectively. 71 Other infectious agents that have been linked to ADEM include group A b-hemolytic streptococcal infection, 72, 73 pertussis, 74 Mycoplasma pneumonia, 75, 76 Borrelia burgdorferi, 77 Legionella, 75, 78 Rickettsiae, 79 and Plasmodium falciparum and Plasmodium vivax malaria. 80 Approximately 5% to 12% of patients with ADEM have a history of vaccination within the month before presentation. 11, 13 The only vaccination that has been epidemiologically and pathologically proven to be associated with ADEM is the Semple form of the rabies vaccine. 81, 82 Other vaccinations that have been reported to have a temporal association with the onset of ADEM include hepatitis B, pertussis, smallpox, diphtheria, measles, mumps, rubella, human papilloma virus, pneumococcus, varicella, influenza, Japanese B encephalitis, polio, and meningococcal A and C. 11, 13, [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] The rates at which these vaccinations are reported to cause ADEM are: 1 to 2 per million for measles 94 ; 1 in 3000 to 1 in 7000 for Semple rabies 81 ; 1 in 25,000 for duck embryo rabies 95 ; less than 1 in 75,0000 for nonneural human diploid cell rabies 93 ; 0.2 per 100,000 for inactivated mouse brain-derived Japanese B encephalitis 87 ; 3 in 665,000 for smallpox 83 ; and 0.9 per 100,000 for diphtheria, pertussis, and tetanus. 94 On rare occasions ADEM has been also reported following organ transplantation. 96, 97 Recently, studies have investigated the role of genetics in predisposing patients to ADEM. Multiple human leukocyte antigen (HLA) alleles have been found to occur at a higher frequency in patients with ADEM, including HLA-DRB1*1501, HLA-DRB5*0101, HLA-DRBQ*1503, HLA-DQA1*0102, HLA-DQB1*0602, HLA-DRB1*01, HLA-DRB*03, and HLA-DPA1*0301. 17, 98, 99 The exact frequency of expression of these alleles and their future clinical utility in ADEM is currently unknown.
LABORATORY FINDINGS
Laboratory findings are useful for ADEM, mainly to rule out other causes for the patient's presenting symptoms. Despite ADEM patients commonly reporting a recent infection before their neurologic presentation, only 17% have evidence of a recent infection on serology. 13 Cerebrospinal fluid (CSF) is normal in up to 61.5% of patients with ADEM. 3, 7 If patients are found to have abnormal CSF parameters, they are usually minor and nonspecific. A lymphocyte pleocytosis (usually between 50 and 180 cells/mm 2 ) and elevated protein (commonly 0.5-1.0 g/dL) can be seen. 7, 13, 22 Rarely a mild increase in glucose has been noted. 7 Oligoclonal bands, which are commonly positive in patients with MS, are less frequently observed in patients with ADEM (seen in 0%-29%).
3,7,9,13,18,22,100,101 Elevations in immunoglobulins have been reported in up to 13% of patients. 13 An electroencephalogram (EEG) may be completed as part of the workup of a patient with ADEM following a presentation with seizures or to rule out nonconvulsive status epilepticus as a cause of the accompanying encephalopathy. Although 78% of patients with ADEM have a diffusely slow background (consistent with encephalopathy), focal slowing (10%) or focal epileptiform discharges (2%) may be seen. 13 EEG is seldom useful in establishing diagnosis.
Evoked potentials (including visual evoked potentials, brainstem auditory evoked potentials, and somatosensory evoked potentials) may be normal, depending on the location of brain lesions. Abnormal visual evoked potentials have been reported in up to 12% of patients. 7 
NEUROIMAGING

Computed Tomography of the Brain
There are few studies that comment on computed tomography (CT) findings in patients with ADEM, namely because these patients are more commonly imaged with more sensitive imaging modalities, in addition to the concern of radiation exposure in the pediatric population. Most studies indicate that CT is unrevealing when completed early in the disease and that this imaging modality is insensitive for smaller demyelinating lesions. 3, 5, 34 The most commonly reported abnormalities are discrete hypodense areas within cerebral white matter and juxtacortical areas. 7, 13 However, some investigators have reported high rates of CT-scan abnormalities in patients with ADEM. Tenembaum and colleagues 13 reported abnormal findings in 78% of patients after a mean interval of 6.5 days from symptom onset. In an article by Pavone and colleagues, 7 where all patients met the new consensus criteria for ADEM, abnormal CT scans were reported in 86% of their patients when performed after a mean interval of 2.5 days from initial neurologic presentation.
Magnetic Resonance Imaging of the Brain and Spine
Magnetic resonance (MR) imaging of the brain is the most important paraclinical tool available to aid in the diagnosis of ADEM and to distinguish the clinical presentation from other inflammatory and noninflammatory neurologic diseases. Since the advent of MR imaging, many studies have evaluated the radiologic appearance of ADEM in children and adults. 2, 5, 7, 9, [12] [13] [14] [19] [20] [21] [22] [23] [24] [25] [26] 34, [102] [103] [104] [105] [106] [107] [108] [109] [110] From the listed studies, the typical MR imaging findings described in ADEM are widespread, bilateral, asymmetric patchy areas of homogeneous or slightly inhomogeneous increased signal intensity on T2-weighted imaging within the white matter, deep gray nuclei, and spinal cord. Within the white matter, juxtacortical and deep white matter is involved more frequently than is periventricular white matter, which is an important contrast to patients with MS. In addition, lesions involving the corpus callosum, which are considered typical in MS, are rarely seen in ADEM. Infratentorial lesions are common, including the brainstem and cerebellar white matter. With respect to lesion size and morphology, variation is seen, ranging from small, round lesions to large, amorphous, and irregular lesions. Unenhanced T1-weighted images reveal that lesions are typically inconspicuous unless the lesions are large, in which case a faint hypodensity is seen within the affected areas. These lesions typically appear simultaneously with clinical presentation. However, delayed appearance of abnormalities up to 1 month after clinical onset has been described, so a normal MR image within the first days after symptom onset suggestive of ADEM does not exclude the diagnosis. Contrast enhancement in ADEM is variable and has been reported in 30% to 100% of patients with ADEM, in nonspecific patterns (nodular, diffuse, gyral, complete, or incomplete ring).
In the past 10 years, only 4 studies have described the MR imaging appearance of cohorts of children who uniformly meet the current consensus criteria for ADEM. A summary of the neuroimaging findings of selected studies completed within the last 10 years is presented in Table 1 . Fig. 1 displays the potential location sites for demyelination as described below.
Mikaeloff and colleagues
22 qualitatively described the radiologic appearance of 108 children with monophasic ADEM. In their cohort, juxtacortical white matter, deep gray matter, and infratentorial structures were affected with approximately 60% frequency. Lesions were less commonly seen in periventricular white matter, cortical gray matter (18%), and spinal cord (12%). Deep white matter lesions and cerebellar lesions were not specifically described, thus their frequency of involvement cannot be commented on. Almost half of the children in their cohort had at least 9 lesions, but comprehensive lesion counts were not reported. Bilateral lesions were described in 81% of their patient cohort. "Large lesions" (>2 cm) were present in 72% of cases, but there was no comment made about other lesion sizes. Nearly half of their patients met at least 3 Barkoff criteria. Of the patients who received gadolinium, only 16% displayed enhancing lesions. However, there was no comment about the pattern of enhancement.
A smaller study was more recently published by Vistudtibhan and colleagues. 26 Although 16 patients met the initial criteria for ADEM, 3 of these patients subsequently fulfilled criteria for relapsing-remitting MS. Based on the reported imaging characteristics described for the remaining 13 patients with monophasic ADEM, the brain region most commonly involved was the subcortical/periventricular region (88%). A distinction was not made between subcortical lesions and periventricular lesions, which would have been useful considering that the literature seems to favor periventricular lesions as being more characteristic of MS in comparison with ADEM. 25, 111 Similar to the results from Mikaeloff and colleagues, 22 brainstem and deep gray nuclei were also commonly affected, with a frequency of 69% and 50%, respectively. Lesions involving cortex and juxtacortex were seen less frequently (31%); however, there was no distinction made between these 2 areas. The cerebellum was involved in approximately one-third of the patients. Spinal cord involvement was much higher than that reported by Mikaeloff and colleagues, 22 with a frequency of approximately 60%. There was no comment made about lesion size, nor the frequency of gadolinium enhancement.
Data from the authors' group was published in 2009. 25 The characteristics of lesions in 20 children with monophasic ADEM were quantitatively assessed. When the data are viewed qualitatively (ie, displaying the number of patients having at least 1 lesion in any given location), lesions appear to be relatively common in all regions of the brain. However, when the mean lesion counts are evaluated for each region ( Table 2) , a difference in the lesion distribution is apparent. Similar to the findings by Mikaeloff and colleagues 22 and Vistudtibhan and colleagues, 26 lesions were more commonly seen in the deep white matter and juxtacortical white matter than in the periventricular white matter. In contrast to the previous studies by both groups, lesions were commonly found to impinge on the cortical ribbon. Another consistent result between all 3 studies was the frequent involvement of the deep gray nuclei. Although the mean lesion count was only 2.5, only 30% of the patients had no deep gray involvement. Infratentorial regions were commonly involved, as reported in the other studies, but the mean lesion counts in these regions were low. With respect to lesion size, small (<1 cm axial, <1.5 cm longitudinal) and medium (1-2 cm axial, 1.5-2.5 cm longitudinal) lesions were found in all patients, but 70% also had large (>2 cm axial, >2.5 cm longitudinal) lesions. This amount is nearly identical to the number of "large lesions" seen by Mikaeloff and colleagues. 22 Finally, only 11 of the authors' patients received gadolinium, 5 of whom (45%) displayed enhancement.
In addition to describing lesion characteristics, many investigators have previously attempted to divide patients into groups showing similar radiologic features. Application of these classification criteria to the authors' cohort has proved to be unsuccessful. Figs. 2-5 display the variety of lesion patterns displayed in selected cases of this patient population. When one considers the multitude of causes that have been reported to produce an ADEM phenotype, the lack of a consistent pattern is not surprising. However, despite the lack of subgroups, there do appear to be some consistent radiologic findings in ADEM (Box 2).
Most recently, a prospective study published by Pavone and colleagues 7 described the radiologic appearance of 17 patients with ADEM. It should be noted that patients who were included before 1998 received imaging on a 0.5-T machine, whereas those after 1998 received imaging on a 1.5-T machine. The patients were classified according to the pattern of abnormalities seen on MR imaging into the following groups previously described by Tenembaum and colleagues 13 : ADEM with large, confluent, or tumefactive lesions (23%); ADEM with small (<5 mm) lesions (53%); and ADEM with additional symmetric capsulobithalamic involvement (23%). The frequency of patients in each group is similar to that seen by Tenembaum and colleagues, 13 with the exception of an increased frequency of thalamic involvement (12% vs 23%), but is strikingly different to the frequency with which large lesions were seen by both Mikaeloff and colleagues 22 and the authors' group 25 ; this may be secondary to the different size cutoff for "large lesions" used by Pavone and colleagues, 7 which was not specified. With respect to lesion number, it was noted that all patients had more than 3 identifiable lesions, but no further quantification was made. There was no comment on the specific location of these lesions, with the exception that spinal cord lesions were not identified in any of the patients in this series. Gadolinium enhancement was noted in 18% of the children, with all patients having an open-ring pattern of enhancement.
Imaging after a short period of treatment usually shows a decrease in the size and number of lesions and a change in signal intensity of lesions, paralleling clinical improvement (Fig. 6) . Complete resolution has been noted in up to 70% of patients within months of presentation; however, residual deficits may persist in up to one-third of patients 2 years after ADEM onset. 25 
Advanced MR Imaging Modalities
Advanced MR imaging modalities, including magnetization transfer (MY) imaging, diffusionweighted (DW) imaging, diffusion tensor (DT) imaging, MR spectroscopy, positron emission tomography (PET), and single-photon emission computed tomography (SPECT), have recently been introduced in the diagnostic workup in some settings where there is access to sophisticated neuroimaging. There is increasing literature available on the findings on these modalities in patients with ADEM; however, most studies were completed before the introduction of the new diagnostic criteria for the disorder.
MT imaging
It is widely becoming recognized in MS literature that conventional neuroimaging does not capture the extent of damage of the disorder. With newer imaging modalities, what appeared as "normal appearing" white matter on conventional imaging shows abnormalities on more advanced techniques, such as MT imaging. 112 In ADEM it was believed that MT imaging would play a role, particularly early in the disease course at a time when conventional imaging may be unrevealing. However, studies thus far have shown that, unlike in MS, MT imaging fails to reveal abnormalities in normalappearing brain tissue in these patients. 113 
DW imaging
Studies investigating the role of DW imaging in patients with ADEM have shown that DW changes are variable and highly dependent on the stage of the disease. 103 If DW imaging is completed within the first 7 days of clinical onset, a pattern of restricted diffusion may sometimes be seen, which subsequently changes to a pattern of increased diffusion thereafter. 103, 114 Balasubramanya and colleagues 103 hypothesized that during the acute stage (within the first 7 days of disease onset), there is swelling of myelin sheaths, reduced vascular supply, and dense inflammatory cell infiltration, which may account for the initial reduced diffusivity, whereas in the subacute stage (after 7 days), demyelination and edema cause expansion of the extracellular space resulting in increased diffusivity. In the authors' experience, diffusion changes are variable. Most commonly T2 shine-through is seen, rather than true restricted diffusion (Fig. 7) .
DT imaging
Few studies have been completed that investigate the changes on DT imaging in patients with ADEM.
Recently, a study suggested that there was reduced fractional anisotropy in a patient with documented active inflammatory demyelination on neuropathology. 115 Further studies are needed to delineate the role of DT imaging in patients with ADEM.
MR spectroscopy
An increasing number of studies are being published on the role of MR spectroscopy in ADEM. Similar to findings on DW imaging, the changes on MR spectroscopy appear to be sensitive to the stage of the disease. 103, 114, 116, 117 Within the acute phase, an elevation of lipids and reduction of myoinositol/creatinine ratio has been reported, with no change in the N-acetylaspartate (NAA) or choline values. 103, 117 As the disease progresses, there is a reduction of NAA and an increase in choline (with corresponding reductions in NAA/ creatine and NAA/choline ratios) in regions corresponding to areas of high signal intensity on T2-weighted imaging. 103, 116 These findings normalize as the clinical and conventional neuroimaging abnormalities resolve. This finding suggests a transient neuroaxonal dysfunction rather than irreversible neuroaxonal loss, and is in contrast to the situation in MS, whereby there is a prompt choline elevation caused by increased levels of the myelin breakdown products, glycerophosphocholine and phosphocholine. 116, 118 These changes are also in stark contrast to those seen in intracranial tumors, which is particularly important in patients presenting with a tumefactive demyelinating lesion.
PET and SPECT
In patients with ADEM, studies investigating the role of PET have shown that despite conventional imaging showing only focal demyelinating lesions, there appears to be global and bilateral decreased cerebral metabolism. 119 SPECT imaging using 99m Tc-HMPAO (D,L-hexamethylpropylene amine oxime) in patients with ADEM have consistently shown areas of hypoperfusion that are more extensive than lesions identified on conventional neuroimaging. [120] [121] [122] In one study, persistent cerebral circulatory impairment examined with SPECT using acetazolamide was thought to be a contributing factor to the persistent neurocognitive and language deficits observed in some patients within this cohort. 123 Considering that most conventional and unconventional imaging modalities do not seem to find the persistent abnormalities suggested by these studies, further investigation into the clinical role of PET and SPECT in patients with ADEM is warranted. 
DIFFERENTIAL DIAGNOSIS
ADEM can represent a diagnostic challenge for clinicians, as many disorders (inflammatory and noninflammatory) have a similar clinical and radiologic presentation. The differential diagnosis for multifocal hyperintense lesions on neuroimaging includes an exhaustive list of potential mimickers, namely infectious, inflammatory, rheumatologic, metabolic, nutritional and degenerative entities. Despite the significant overlap in clinical and radiologic pictures of many conditions, neuroimaging can aid in narrowing the differential diagnosis.
The first priority in a patient presenting with neurologic signs and symptoms and encephalopathy, particularly in the presence of a preceding febrile illness, is to rule out bacterial or viral infection of the CNS. Therefore, a lumbar puncture and MR imaging should be completed as soon as possible and empiric antimicrobial therapy should be considered. A lumbar puncture will likely provide the most important diagnostic clues of an infective process, but neuroimaging can also play a role. A diagnosis of meningoencephalitis can be suggested by leptomeningeal enhancement on postcontrast imaging (which is not a feature of ADEM) or stereotypical involvement of limbic structures in the case of limbic encephalitis.
After neuroimaging has been completed, the findings at the time of initial presentation may be useful. If a large tumor-like lesion is present in addition to tumefactive ADEM or MS, one should consider a benign or malignant tumor, one of the MS variants (including Schilder  124 and Marburg   125 variants), or brain abscess depending on the clinical picture. The differentiation of ADEM from tumor becomes particularly difficult in the case of ADEM-related brainstem lesions, as they are commonly associated with edema and can be easily misdiagnosed as a malignant process. In the case of tumefactive demyelination, it has been suggested that a combination of open-ring enhancement, peripheral restriction on DW imaging, venular enhancement, and presence of 
Box 2 Proposed commonalities in ADEM MR imaging appearance
Bilateral asymmetric/symmetric involvement (rarely unilateral)
White matter > gray matter, but usually both affected Deep/juxtacortical white matter > periventricular white matter
Both supratentorial and infratentorial lesions (less commonly either/or) Small > medium > large, but often all sizes are present in same patient
Variable contrast enhancement glutamine/glutamate (Glx) levels on MR spectroscopy may be helpful in differentiating ADEM from neoplastic lesions. 126 If there is bithalamic involvement, in addition to ADEM with this radiologic representation (particularly in the case of ADEM after Japanese B encephalitis 127 ) one should consider mitochondrial disorders (particularly Leigh syndrome), deep cerebral vein thrombosis, hypernatremia, Reye syndrome, Sandoff disease, and acute necrotizing encephalopathy of childhood (ANEC), depending on the clinical picture. ANEC, which has mainly been described in Japan, Taiwan, and Korea, is an acute encephalopathy following 2 to 4 days of gastrointestinal or respiratory symptoms and fever. 128 Neuroimaging findings include multifocal, symmetric brain lesions involving the thalami, cerebral or cerebellar white matter, and brainstem. 128, 129 Basal ganglia involvement, which is common in ADEM (particularly poststreptococcal ADEM 130 ), may be consistent with many processes: for example, organic acidurias, mitochondrial Another diagnostic consideration with a similar clinical presentation is posterior reversible encephalopathy syndrome (PRES). Although typically induced by hypertension, seizures, or immunosuppressants, a history of a preceding inciting factor may be lacking. PRES presents with reversible white matter edema that may or may not have a posterior predominance.
The enhancement pattern of the lesions may also suggest alternative diagnoses. Although ring enhancement has been reported in ADEM, one should consider brain abscess, tuberculomas, neurocystercosis, toxoplasmosis, or histoplasmosis, depending on the history. One of the most difficult differentiations is between ADEM and other demyelinating disorders, namely MS. The authors attempted to describe means by which patients with ADEM could be differentiated from patients with MS based on their radiologic findings. 25 Previous descriptive studies in which the MR imaging appearances of patients with ADEM were compared with MR imaging scans obtained during the first attack of MS determined that these two clinical scenarios could not reliably be distinguished. After retrospective analysis of MR imaging scans at first attack in 28 children with MS and 20 children with ADEM, the following criteria were reliable in distinguishing patients with MS from those with ADEM, with a sensitivity of 81% and specificity of 95%: any 2 of (1) absence of diffuse bilateral lesion pattern, (2) presence of black holes, and (3) presence of 2 or more periventricular lesions. 25 
TREATMENT
There is no standard treatment regimen for ADEM. Most of the data describing the treatment of patients with ADEM are derived from case reports and some small series. To date, no randomized controlled trials for treatment of ADEM have been completed in either the pediatric or adult population. Most treatment approaches use some form of nonspecific immunosuppressant therapy, including corticosteroids, intravenous immunoglobulin (IVIg), or plasmapheresis. There are no studies comparing the efficacy of the different immunomodulatory therapies.
Corticosteroids are the most widely used and most ubiquitously reported therapy for patients with ADEM. In a recently proposed algorithm for treatment in ADEM, steroids were considered the first line in therapy. 132 Throughout the literature, there is great variation in the dose and formulation of steroids used, the routes of administration followed (oral or intravenous), and tapering regimens described. Most groups use steroids at very high doses. The most commonly used treatment protocols include intravenous methylprednisolone, 10 to 30 mg/kg/d up to a maximum daily dose of 1 g or dexamethasone (1 mg/kg) for 3 to 5 days followed by an oral steroid taper over 4 to 6 weeks. 3, 8, 9, 13, 133 There is some suggestion in comparative studies that methylprednisolone-treated patients had significantly better Expanded Disability Status Scale scores after treatment than those administered dexamethasone. 13 It has also been reported that there is an increased risk of relapse with steroid tapers of less than 3 weeks. 8, 14 Corticosteroids are very effective for symptom resolution in ADEM, with 50% to 80% of patients having a full recovery. 8, 9, 13 Recovery is typically seen over a few days, with the more severely affected patients requiring weeks or months for recuperation. Despite their efficacy, steroids are not without risk. Side effects of corticosteroids include gastric hemorrhage and perforation, hyperglycemia, hypokalemia, hypertension, facial flushing, and mood lability, even with short-term use. Therefore, it is advisable to administer gastric protective measures during the short period that patients are being treated with corticosteroids.
There are multiple case reports of successful use of IVIg, either alone, 134, 135 in combination with corticosteroids, 136 after failed intravenous pulse steroids, [137] [138] [139] or in recurrent demyelination. 69, 140 The reported dosing for IVIg is more consistent than that for steroids, with a total dose of 1 to 2 g/kg as a single dose or over 3 to 5 days. IVIg is generally well tolerated. Plasmapheresis theoretically works to remove autoantibodies that are presumably triggering demyelination seen in ADEM, or to shift the dynamics of the interactions of B and T cells within the immune system. Its use has been reported in several case studies, typically in severe cases of ADEM when steroid treatment has failed. Complete recovery has been reported in some patients with ADEM. [141] [142] [143] In patients with CNS demyelination (including patients with ADEM), 40% had moderate to marked improvement following a mean number of 7 exchanges. 144 It has been suggested that plasmapheresis is more effective when given early in the course. 145 Unfortunately, it is often used as a last resort, owing to the resources needed for treatment implementation. Side effects noted include hypotension, anemia, and headache.
Patients with ADEM have been symptomatically managed with decompressive hemicraniectomy as a life-saving measure when there is massive cerebral edema that is refractory to medical management; however, this is an uncommon scenario. 146, 147 PROGNOSIS ADEM has a monophasic course in 70% to 90% of cases. [7] [8] [9] 13, 15, 22, 61, [148] [149] [150] [151] Typically prognosis is excellent in patients with ADEM. 8, 13 In previous studies, a full recovery has been noted in approximately 70% to 90% of patients, characteristically within 6 months of onset. 3, 8, 9, [11] [12] [13] [14] [15] [16] [17] Studies including patients who meet criteria according to Krupp and colleagues 18 have shown similar results. 7, 22, 26 Severe complications (including death) are rare in the pediatric population, 14, 26, 152 unless measles is the inciting factor. 62, 153, 154 The most common focal neurologic deficits following ADEM include focal motor deficits (ranging from mild clumsiness to hemiparesis), visual impairment, behavioral or cognitive problems, or epilepsy. 93 However, more recently there has been increased awareness regarding the frequency of behavioral and subtle neurocognitive deficits in patients with a previous diagnosis of ADEM. Subtle neurocognitive deficits have been identified in attention, executive function, and behavior when evaluated years after ADEM in up to 50% to 60% of patients. 7, [155] [156] [157] These effects appear to be more prominent in patients who have a younger age of onset (<5 years). 155 
VARIANTS
More aggressive variants of ADEM have been described in the literature, including acute hemorrhagic leukoencephalitis, acute hemorrhagic encephalomyelitis, and acute necrotizing hemorrhagic leukoencephalitis of Weston Hurst. All of these variants describe hyperacutely presenting, rapidly progressive, fulminant inflammatory and hemorrhagic demyelinating disorders of the CNS that are usually triggered by an upper respiratory tract infection. In one large cohort, these hemorrhagic variants had been described in 2% of patients with ADEM. 13 On MR imaging, lesions tend to be large, with perilesional edema and mass effect. 158, 159 Death had previously been described in a majority of these patients within 1 week of onset; however, there is increasing evidence of favorable outcomes if early and aggressive treatment with immunomodulatory agents is used. 13, [160] [161] [162] These variants are covered in more detail elsewhere in this issue.
ADEM has a monophasic course in a majority of patients; however, recurrent and multiphasic cases have been documented. 8, 9, 13, 15, 22, 61, [148] [149] [150] [151] As such, the International Pediatric MS Study Group 18 also proposed a consensus definition for recurrent ADEM (RADEM) and multiphasic ADEM (MADEM). The difference between recurrent and multiphasic ADEM hinges on whether there is involvement of a new brain region, as suggested by clinical history, examination, or neuroimaging (MADEM), or if there is recapitulation of the prior illness (RADEM). As with the first episode, polyfocal clinical symptoms and encephalopathy are mandatory.
Notwithstanding the new consensus definitions for RADEM and MADEM, there continues to be controversy regarding the existence of these entities, as the monophasic course of ADEM is considered by some to be a hallmark of this disorder. The rates of these entities reported in the literature have varied depending on the ADEM definition used, the period of inclusion or follow-up, and the study design. Considering that previous studies used dissimilar definitions of ADEM (which differ from the definition proposed), it may be that the inclusion of patients with monofocal presentation or those lacking encephalopathy will bias these studies toward describing a fundamentally different cohort. In addition, in the studies describing recurrent and multiphasic cases of ADEM, different diagnostic criteria for relapses were used. As the new definition for ADEM states that any new symptoms within 3 months from onset should be considered part of the initial attack, it is likely that some of the patients deemed to have relapsed may no longer meet criteria for either multiphasic or relapsing ADEM. 18 Despite these issues, previously reported rates of a recurrent or multiphasic course have ranged from 5% to 30%. 3, 8, 9, [11] [12] [13] [14] [15] [16] [17] Since implementation of the new consensus criteria, 3 studies have commented on recurrence rates in patients with ADEM. Visudtibhan and colleagues 26 followed their patients for a mean of 5.8 years and ultimately diagnosed 3 of 15 children with MS. None were diagnosed with MADEM or RADEM by the end of the follow-up period. 26 Mikaeloff and colleagues 22 found a recurrence rate in 18% of their patients after a mean follow-up period of 5.4 AE 3.3 years. All of these patients were noted to have a second attack at a different site in the CNS. An increased risk of a second attack has been associated with previous demyelination episodes in the family, first presentation with optic neuritis, fulfilling MS Barkoff criteria on initial neuroimaging, and absence of sequelae after the acute episode. 22 Considering that the first 3 risk factors are known predictive factors for further relapses in MS, it was surmised that this strengthened the link between relapsing disease after ADEM onset and MS. 22 The final study by Pavone and colleagues 7 found a relapse rate of 12% after a follow-up period ranging from 4.4 to 17.1 years. It is not clear whether these patients would have met criteria for either RADEM or MADEM considering that the presence of encephalopathy was not noted in either patient, nor was the location of their lesions on MR imaging. Considering the results of these 3 studies, it may be that Mikaeloff and colleagues 22 were correct in suggesting a strong link between recurrent ADEM and MS. Long-term prospective follow-up studies of patients diagnosed with ADEM by the new consensus criteria will provide important information regarding the natural history of ADEM and its potential relationship with MS.
